The method of magnitude estimation is used in psychophysical studies to obtain numerical values for the intensity of perception of environmental stresses (e.g., noise and vibration). The exponent in a power function relating the subjective magnitude of a stimulus (e.g., the degree of discomfort) to the physical magnitude of the stimulus shows the rate of growth of sensations with increasing stimulus magnitude. When judging noise and vibration, there is no basis for deciding whether magnitude estimation should be performed with a reference stimulus (i.e., relative magnitude estimation, RME) or without a reference stimulus (i.e., absolute magnitude estimation, AME). Twenty subjects rated the discomfort caused by thirteen magnitudes of whole-body vertical vibration and thirteen levels of noise, by both RME and AME on three occasions. There were high correlations between magnitude estimates of discomfort and the magnitudes of vibration and noise. Both RME and AME provided rates of growth of discomfort with high consistency over the three repetitions. When judging noise, RME was more consistent than AME, with less inter-subject variability in the exponent, ns. When judging vibration, RME was also more consistent than AME, but with greater inter-subject variability in the exponent, nv. When judging vibration, AME may be beneficial because sensations caused by the RME reference stimulus may differ (e.g., occur in a different part of the body) from the sensations caused by the stimuli being judged.
Introduction
The method of magnitude estimation was developed to obtain quantitative judgements of the perceived magnitudes of stimuli [1, 2, 3] . A sensation produced by a stimulus is rated numerically by an observer using either any number (in the absolute method of magnitude estimation), or relative to a number associated with the sensation produced by a reference stimulus (in the relative method of magnitude estimation). Stevens' power law shows how the subjective magnitude, ψ, grows as a power of the stimulus magnitude, φ:
where k is a constant that depends on the units of measurement and the exponent, n, is the rate of growth of subjective sensations, which differs according to the sensation [3] .
The absolute method of magnitude estimation was based on evidence that subjects tend to use absolute scales rather than ratio scales for judging stimuli [4] . Zwislocki and Goodman [5] argued that the absolute method of magnitude estimation was relatively free of biases due to contextual effects (such as the order of the presented stimuli, the range of stimuli, the range of numbers, the level of stimuli relative to the reference), and that it could provide an 'absolute' scale of sensory magnitudes.
Mellers [6] argued that removing the constraints of a standard (the reference stimulus) and the modulus (the numerical value of the reference, for example '100') did not yield an 'absolute' scale of sensation, and that absolute scaling increased response variability and thereby lowered the statistical power of a subjective test.
Magnitude estimation has been used to determine methods of predicting how sound and vibration influence opinions of living, working, and travelling environments. Exponents for scaling the subjective magnitude of sound have been obtained using both the absolute method of magnitude estimation [3, 5, 7, 8] , and the relative method of magnitude estimation [8, 9, 10] . However, the scaling of the subjective magnitude of vibration has mainly used the relative method of magnitude estimation [11, 12] .
When comparing subjective magnitudes of the 'discomfort' produced by noise and whole-body vibration, the relative method of magnitude estimation has been used to judge noise relative to a vibration reference and to judge vibration relative to a noise reference [11, 13, 14] . The absolute method of magnitude estimation has not been used to compare noise and vibration stimuli. [15] and applying the A-weighting to the one-third-octave band spectra measured by the B&K 2250 sound level meter.
Stimuli
Thirteen levels of random noise, band-pass filtered between 50 and 500 Hz, were generated with LAeq levels ranging from 64 to 82 dBA in 1.5 dB steps [16] . r.m.s. acceleration (arms), using frequency weighting Wb [17] . The vibration and sound stimuli had durations of 4 seconds with a cosine taper applied to the first and last 0.2 s. The background vibration was not perceptible and the background noise level measured at the ear when wearing the headphones was around 50 dBA.
Procedure
Judgments of 'discomfort' were obtained using the two magnitude estimation methods: the AME method and the RME method. The experiment was implemented in two sessions. Each session was implemented in two parts. In session A, subjects first rated the 13 magnitudes of vibration using the AME method, and then rated the 13 levels of noise using the RME method. In session B, subjects first rated the 13 levels of noise using the AME method, and then rated the 13 magnitudes of vibration using the RME method. The subjects experienced the two sessions on separated days, with 10 subjects commencing with session A (Group 1) and 10 subjects commencing with session B (Group 2).
When rating vibration using the RME method, subjects were presented with a 'reference vibration' at 0.199 ms -2 r.m.s. followed by a 'test vibration' and asked to state the discomfort caused by the test vibration, assuming the discomfort caused by the reference vibration was 100. When rating noise using the RME method, subjects were presented with a 'reference noise' at 73 dBA followed by a 'test noise' and asked to state the discomfort caused by the test noise, assuming the discomfort caused by the reference noise was 100. When rating vibration or noise using the AME method, subjects were presented with the vibration or noise stimuli and asked to give any numerical values they wished to quantify their discomfort.
With both the RME method and the AME method the 13 test stimuli were presented in independent random orders. In both sessions, all stimuli were judged using the AME method three times prior to 6 starting with the RME method, which was also repeated three times. The duration of each session of the experiment was around 15 minutes.
Before commencing each part of the experiment, subjects were provided with written instructions and practiced magnitude estimation with the appropriate method (RME or AME) and noise or vibration stimuli having, successively, median, high, and low magnitudes until they felt confident with magnitude estimation.
After finishing the experiment, subjects responded to three forced-choice questions: "1. Which method was easier for you to rate -with reference, or without reference?", "2. Overall, which did you feel more uncomfortable -noise or vibration?" and "3. Which stimulus was easier for you to rate -noise or vibration?"
According to Stevens' power law [3] , the subjective magnitude of noise, ψs, and the subjective magnitude of vibration, ψv, are related to the physical magnitude of sound, φs, and the physical magnitude of vibration, φv, by power functions:
where ks and kv are constants, and ns and nv are the rates of growth of subjective sensations produced by the sound and the vibration, respectively.
In terms of logarithms, the power law equations become:
where LAeq  20 log(φs) is the equivalent continuous A-weighted sound pressure level [18] , assuming φs represents the A-weighted sound pressure in equation (2), and
where arms  φv is the Wb-weighted root-mean-square (r.m.s.) acceleration of the vibration stimulus [17] .
Magnitude estimates obtained from each individual using the AME method were divided by the median of their magnitude estimates over all stimuli, and then multiplied by '100' [19] . This 'normalised' the magnitude estimates so that the AME and RME data could be analysed using the same procedures and compared.
Results
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From the questionnaire, 85% of subjects thought RME was easier than AME. Overall, 75% of subjects felt that the noise was more uncomfortable, but 75% of subjects thought the vibration was easier to rate.
The magnitude estimates of discomfort associated with the 13 levels of noise, and the magnitude estimates of discomfort associated with the 13 magnitudes of vibration, are shown for both RME and AME in Figure 2 .
FIGURE 2 ABOUT HERE
For each individual, linear regression analysis was performed between the dependent variables, log10(ψs) and log10(ψv), and the independent variables, LAeq and log10(arms). Median and inter-quartile ranges of the exponents, n, the constants, k, and Spearman rank correlation coefficients, r, between ψ and φ are shown for the three repetitions in Table 1 . Individual values of the exponents are shown in Figure 3 with medians and inter-quartile ranges. There was high consistency in individual judgements across repetitions, as indicated by significant correlations between the exponents, n, and the constants, k, between repetitions 1 and 2, between repetitions 2 and 3, and between repetitions 1 and 3, when judging the discomfort of either vibration or noise when using either RME or AME (in all cases, p<0.01; Table 2 ). Consistency tended to be greater when using the RME method, with 10 of the 12 correlations greater when using RME than when using AME. When judging the discomfort produced by vibration, the exponent, nv, was greater with AME than RME during the first repetition (p=0.04, Wilcoxon, Table 1 ), but did not differ between the methods in the second and third repetitions (p>0.12, Wilcoxon, Table 1 ). Over all three repetitions, the constant, kv, was greater with AME than RME (p<0.03, Wilcoxon; Table 1 ).
When judging the discomfort produced by noise, neither the exponent, ns, nor the constant, ks, differed between RME and AME in any repetition (for ns, p>0.19; for ks, p>0.20, Wilcoxon; Table 1 ).
The individual correlation coefficients between magnitude estimates of discomfort and either the magnitude of vibration or the level of noise were greater when using RME (i.e., rvr and rsr) than when using AME (i.e., rva and rsa) for all three repetitions (p<0.01, Wilcoxon; Table 1 ).
There was consistency in individual exponents, n, and constants, k, obtained when using RME and AME (Table 3) . Subjects giving a high value for n or k with one method tended to give a high value with the other method. However, it may be seen that the correlations between repetitions within methods are greater than the correlations between methods within repetitions (compare Tables 2 and   3 ). Correlations between the exponents, ns and nv, obtained by AME and RME are listed in Table 4 . With both methods, correlations between the exponents tended to increase with increasing repetition and were highly significant for the third repetition (Table 4 ). This indicates that subjects having a high rate
of growth of discomfort for noise are likely to have a high rate of growth of discomfort for vibration. At each repetition, the correlations were greater with RME than with AME. Table 1 ) have high values, with a tendency towards higher correlations in the second repetition. The high correlations in the exponents, n, and the intercepts, k, across repetitions within both RME and AME suggests a single run would have been sufficient to obtain reasonable estimates of both the exponents and the intercepts ( Table 2) .
Over the three repetitions, the absence of significant changes in the exponents, n, with AME, but significant changes in those obtained by RME, must be interpreted relative to the inter-subject variability in the n values with the two methods ( Table 1) . With inter-subject variability expressed as the ratio of the inter-quartile range to the median value, the variability in the n value of vibration in the first repetition was greater for RME than AME (0.638 compared with 0.468; Table 5 ). Over the three repetitions, the variability in n for vibration increased with RME but reduced with AME. So the significant changes in n for vibration over the three repetitions with RME but not with AME cannot be attributed to greater inter-subject variability with AME. The variability in the n value of noise in the first repetition was less for RME than for AME (0.359 compared with 0.600; Table 5 ). Over the three repetitions, the variability in n for noise increased with RME but reduced with AME. So the significant change in n for noise over the three repetitions with RME, but not with AME, seems to be associated with inter-subject variability initially being less with RME than with AME. 
Comparison of the two methods
The majority of subjects judged RME easier than AME, consistent with higher correlation coefficients between magnitude estimates of discomfort and the magnitude of vibration or the level of noise when using RME (Table 1) . Over the three repetitions, the exponent for noise, ns, tended to be more consistent with RME than with AME, whereas the exponent of vibration, nv, tended to be more consistent with AME than with RME ( Table 2 ). The presentation of the reference stimulus with a given sensation (a magnitude estimate of '100') seems to have stabilised magnitude estimates when judging noise, but not when judging vibration.
When judging vibration, the exponent, nv, differed between the RME and AME methods in the first repetition and the constant, kv, differed in all three repetitions (Table 1) . When judging noise, neither the exponent, ns, nor the constant, ks, differed between the RME and the AME methods (Table 1) .
Subjects are familiar with the sensations caused by sound and judging the discomfort (or annoyance) of a sound. Subjects are less familiar with the sensations in different parts of the body produced by low, medium, and high magnitudes of vibration. For the familiar stimulus (i.e., noise), subjects provided the same results using RME and AME. For the less familiar stimulus (i.e., vibration), RME provided a significantly lower value of nv in the first repetition but this increased so that there was no difference between RME and AME in the second and third repetition. The constant, kv, differed between RME and AME during all repetitions and increased progressively over the three repetitions with both methods (Table 3) . It seems that with sufficient practice the two methods may provide similar values of nv and kv, with practice being more important with RME than AME and nv stabilising before kv. The greater practice needed with RME may have arisen because subjects initially tried to match sensations to those produced by the reference motion, but later realised that there were several sensations that change with the magnitude of the vibration (e.g., the locations in the body where discomfort is felt can vary with the magnitude of vibration). For such a stimulus, an overall judgement of sensation may be more appropriate that trying to match specific sensations.
When judging vibration, the inter-subject variability in nv (i.e., ratios of inter-quartile ranges to median values) was less with AME than with RME. When judging noise, the inter-subject variability in ns was less with RME than with AME (Table 5) . It seems that when judging a specific sensation (i.e., noise), RME had less variability than AME, whereas when judging the various sensations produced by vibration, AME had less variability than RME.
There was greater variability in the magnitude estimates for low magnitudes of vibration with RME than with AME ( Figure 2 : left of right three graphs), consistent with greater inter-subject variability in nv values with RME than with AME. This is also consistent with greater difficulty when the test vibration is most different from the reference stimulus. Subjects may have had greater difficulty judging low magnitude vibration stimuli that produce sensations that are different from those produced by the
reference stimulus, and they may have been more likely to give 'real' subjective magnitudes to the stimuli when using AME without the constraint of the reference [5] .
The values of nv and ns
Various values of the rate of growth of discomfort caused by vibration, nv, have been reported: between 0.86 and 1.04 for frequencies in the range 3.5 to 20 Hz [20] , 0.93 for frequencies from 5 to 80
Hz [13] , 1.04 to 1.47 for frequencies from 4 to 63 Hz [11], 1.18 for frequencies of 10 to 50 Hz [10] , and 0.626 to 0.897 for frequencies between 2 and 50 Hz [12] . In the present study with random vibration in the range 5 to 10 Hz, the median value of 0.77 over three repetitions with RME, and the median value of 0.81 with AME (Table 1 ) seem consistent with Shoenberger and Harris [20] and Morioka and Griffin [12] for vibration in the same frequency range.
In Figure 2 , there is some evidence of a greater rate of growth of vibration discomfort, nv, with low magnitude vibration stimuli. Consequently, the use of the corrected Stevens' power law, with an additive constant, a0, representing the threshold of perception, may be expected to improve the representation of sensation magnitudes [12] :
The value of 0.017 ms -2 r.m.s. was used for the threshold, a0, in accord with the median threshold for frequencies of vertical vibration from 5 to 10 Hz reported by Morioka and Griffin [12] . The corresponding median exponents over three repetitions were 0.69 with RME, and 0.73 with AME. The use of the modified Stevens' power law resulted in slightly different values of nv, but did not change the statistical significance of any of the reported analyses.
For sound, an exponent of 0.60, 0.64, or 0.68 was originally proposed to relate the subjective magnitude of loudness to the sound pressure of 1000-Hz tones [1, 2] . Although the value of 0.68 for the exponent is widely quoted and has been recognized as the standard value for the rate of growth of annoyance (discomfort), other values of ns have been reported as 0.72 and 0.78 [10, 21] for 100-to 5000-Hz noise inside a house during the passage of a near-by train, and 0.38 to 0.72 [14] for 100-to 300-Hz noise inside a running car. Using category judgment, AME, and cross-modality matching to brightness, with 1000-Hz tone stimuli from 55 to 82 dB, Ward et al. found values of 0.411, 0.483, and
1.017, respectively [8] . In a study of the loudness and annoyance of noise-tone complexes using AME, Hellman [22] obtained exponents of 0.63 and 0.92 for loudness with a 1000-Hz tone and with a 3000-Hz tone added to low-pass noise, respectively, and exponents of 0.95 and 1.1 for annoyance with a 1000-Hz tone and with a 3000-Hz tone added to low-pass noise. In the present study with random noise from 50 to 500 Hz, the median value of 0.78 over three repetitions with RME, and the median value of 0.80 with AME (Table 1) are greater than the originally proposed value of 0.68 but within the range of previous values for the exponent, which may be expected to vary with the spectrum of the noise and the experimental method.
Conclusions
When judging the discomfort produced by noise and vibration, both the method of absolute magnitude estimation (AME) and the method of relative magnitude estimation (RME) can provide rates of growth of subjective sensations with high repeatability. When judging noise, RME produced slightly greater consistency with less inter-subject variability in the exponent, ns, over the three repetitions. When judging vibration, RME was slightly more consistent but had greater variability in the exponent, nv, over the three repetitions than AME. When judging vibration, AME may be beneficial because, unlike RME, it does not require subjects to judge their sensations relative to the sensations caused by the reference stimulus, which may differ in their nature from the sensations caused by the test stimuli. Table 2 Correlation coefficients between exponents (nv and ns) and constants (kv and ks) in successive runs when judging the discomfort produced by vibration and the discomfort produced by noise (Spearman rank correlation; 20 subjects). Vibration RME AME nvr Table 4 Correlations between exponents, nv and ns obtained when judging the discomfort produced by vibration and the discomfort produced by noise when using the RME and the AME method in successive repetitions. (Spearman rank correlation; 20 subjects). RME AME Table 5 The inter-subject variability (ratio of the inter-quartile range to the median value) for the exponents (nv and ns) obtained using RME and AME when judging the discomfort of noise and the discomfort of vibration. Data from 20 subjects. 
